Silicon nitride (Si 3 N 4 ) is one of the attractive ceramics in respect of its excellent properties both in wear and thermal shock resistance. In this research, Si 3 N 4 thick coatings were fabricated by reactive RF (Radio Frequency) plasma spray process, and a reactive plasma spraying, in which metal element reacts with surrounding active species in plasma, has been considered to be an useful way for the formation of non-oxide ceramics coatings. Spraying with Ar/N 2 mixed gas was not effective for the fabrication of Si 3 N 4 coatings. Hydrogen addition as a reactive plasma gas improved the nitridation significantly. Si 3 N 4 content in the coatings could be controlled by changing N 2 and/or H 2 fraction in plasma gas. Hardness of the coatings obtained increased with increasing Si 3 N 4 content in the coating. Nitriding reaction of Si in reactive RF plasma spraying was promoted in the liquid phase of Si after deposited onto the substrate.
Introduction
In recent years, surface modification process has been receiving great interest for fabricating protection coatings on the structural materials. Nitride ceramics have excellent properties in many aspects. Especially for high temperature and wear resistance applications, 1, 2) nitride ceramics might contribute to the various structural parts. For example, titanium nitride (TiN) has excellent mechanical properties for wear resistance applications.
3) Formation of these nitride ceramics coatings has been developed using CVD, PVD or thermal spray processes. [4] [5] [6] [7] [8] Among these, silicon nitride (Si 3 N 4 ) can be characterized as an excellent candidate for the structural components. First of all, Si 3 N 4 has a quite high resistance of thermal shock. 9) In addition, it has a good chemical stability at fairly high temperature regions, high resistance of wear and corrosion, low density (3190 kgm À3 ), high hardness (1800 HV) and high toughness. [10] [11] [12] Thus, Si 3 N 4 is contributed to the several applications. 9) Hereby, fabrication of Si 3 N 4 thick coatings might be useful for the structural components.
Usually, Si 3 N 4 coatings have been produced by PVD 12) or CVD 13) processes. It is possible to form dense and homogeneous coatings by these processes. However, it is difficult to apply the formation of thick coatings, which might contribute to the structural parts, because of their low deposition rates. On the other hand, thick coatings can be easily formed by thermal spray process. However, it is difficult to fabricate Si 3 N 4 coatings by conventional thermal spray processes like APS (Atmospheric Plasma Spray), LPPS (Low Pressure Plasma Spray) or HVOF (High Velocity Oxide Fuel) etc. The difficulty is due to a decomposition of Si 3 N 4 under a high temperature (2173 K), and the nitrides easily transforms into oxide and hereby losing their excellent properties. [14] [15] [16] On the other hand, reactive plasma spraying, in which metal element reacts with surrounding active species in plasma, has been considered to be an useful process for the formation of nitride ceramics thick coatings. The reactive spraying process has been developed using a DC plasma, 8) RF plasma 6) or laser 17) as the reactive heat source. Among these, RF plasma flame is characterized by high temperature and low velocity. These characteristics of RF plasma are supposed to provide much reaction chance of raw materials with active species in plasma.
In this study, feasibility of fabricating Si 3 N 4 thick coatings by reactive RF plasma spray process was investigated. Furthermore, nitriding of Si in the process was fundamentally investigated for controlling the nitridation in plasma. Mechanical property of the coatings obtained by this process was evaluated by micro Vickers hardness test.
Experimental Procedure
Row material used was Si powder (96%) with a typical particle size of about 30 mm. The morphology of the powder is shown in Fig. 1 . In Table 1 , typical impurities in Si powder are presented. The substrate material is graphite that has quite high melting point and low thermal expansion coefficient µ 100 m Fig. 1 Morphology of Si powder. 14,15) All experiments were carried out with a reactive RF plasma spraying apparatus as shown in Fig. 2 . The substrate temperature was measured by an R type thermocouple placed on to the back surface of the substrate. Table 2 indicates the typical spraying parameters in RF plasma spraying. Spraying time was 10 minutes for all experiments after pre-heating the substrates for 5 minutes and the temperature reached approximately to 1300 K. The substrates were reciprocated during spraying using X-Y drive system to form uniform thickness coatings onto the substrates. The chamber was once evacuated to a pressure less than 13.3 Pa using a vacuum pump before the plasma generation. The existence of Si 3 N 4 in deposited coatings was verified by X-ray diffraction (XRD) with CuK radiation. Cross section microstructures of the coatings were investigated by scanning electron microscope (SEM) and the energy dispersive X-ray (EDX) was used for the elemental analysis. Cross-section micro hardness was determined by a micro Vickers hardness tester.
Results and Discussion
3.1 Plasma spraying of Si with Ar/N 2 or Ar/N 2 /H 2 mixed gas First of all, reactive RF plasma spraying of Si powder with Ar/N 2 plasma gas was conducted to verify the possibility of Si 3 N 4 forming by this process. Figure 3 shows a typical cross-section microstructure of the coating obtained by the spraying with Ar/N 2 plasma onto graphite substrate. The result indicates that fairly thick coating more than 2 mm was fabricated with porous microstructure. XRD spectrum of the coating shown in Fig. 4 shows that the coating did not include the nitride phase. It was composed of pure Si which used for the raw material. The fact that a moderate heat treatment of the coating promotes the nitridation has been reported. 6, 14, 15) Therefore, N 2 plasma radiation to the coating was applied for 10 minutes after the deposition. However, any nitride phases were not detected after the radiation. It was found that silicon nitride could not be formed with Ar/N 2 RF plasma spraying and plasma radiation after the deposition. It is well known that H 2 addition to plasma enhance the nitridation. Hence, coating was fabricated by the spraying with Ar/N 2 /H 2 plasma. XRD spectrum of the coating formed by Ar/N 2 /H 2 plasma is shown in Fig. 5 . The spectrum shows that the coating is composed of Si, -Si 3 N 4 and -Si 3 N 4 phases. That result indicates that it is possible to fabricate Si/ Si 3 N 4 composite coating by reactive RF plasma spraying by adding H 2 into plasma. Cross section microstructure of the coating is shown in Fig. 6 . Thick and dence coating with lamellar structure was fabricated on the graphite substrate. The deposition rate of the coating can be estimated as about 20 mm/min. Hereby, Si/Si 3 N 4 coating having enough thickness and high density could be fabricated by the reactive RF plasma spraying with Ar/N 2 /H 2 mixed gas. The mechanical property of the coatings was evaluated by a micro Vickers hardness tester. The hardness of pure Si coating obtained by Ar/N 2 RF plasma spraying was 950 Hv. Pure -Si 3 N 4 sintering was about 1800 Hv. The hardness of the coating obtained by with Ar/N 2 /H 2 reactive RF plasma spraying was 1390 Hv. Hereby, the higher hardness of Si/Si 3 N 4 composite coating was realized by the reactive RF plasma spraying.
Role of plasma gas fraction on nitridation
To control the formation degree of the nitride with reactive RF plasma spray process, it is necessary to verify the domination in the nitriding process, such as a plasma gas, RF power, spray distance, spray time or chamber pressure, 14, 15) etc. Among these, the role of H 2 addition into plasma gas was mainly observed in this research. Figure 7 shows the relationship between intensity ratio of XRD spectra and plasma gas fraction. N 2 flow rate was changed with H 2 flow rate of 0.4 '/min, and H 2 fraction was changed with N 2 flow rate of 4.0 '/min. The results indicate that the intensity ratio of -Si 3 N 4 to those of all other phases increased with increasing N 2 or H 2 fraction. It is found that both N 2 and H 2 fraction in the plasma gas could control the nitridation of Si in RF plasma spray process.
It is considered that the increase of N 2 fraction in the plasma gas increases the active species like N atom, 18) which contribute to the nitridation. Thus, increasing of N 2 fraction was useful for the increasing of nitride phase in the coating. On the other hand, H 2 addition into plasma gas was also effective to fabricate Si 3 N 4 phase in reactive RF plasma spray process. There are many reports on the role of hydrogen addition on the nitriding process. Some of them suggest that hydrogen removes an oxide layer on the silicon particles 14, 19) or generates NH radicals in plasma which contribute to the nitriding. 1, 20) The other has pointed out that hydrogen addition just increase the substrate temperature. Figure 8 shows the cross section microstructures of the coatings with changing H 2 fraction in plasma. It is found from the figures that increase of H 2 flow rate brought about the decrease in the coating thickness and densification of the coating structure. In addition, EDX image as shown in Fig. 8(d) indicates that Si diffused into the substrate. Therefore, it was considered that the coatings were once melted on the substrate by H 2 addition to the plasma gas. Furthermore, the thermocouple was also melted in this experiment. Hereby, it can be considered that temperature increasing of the substrate surface above melting point of Si (1700 K) was attained by H 2 addition to plasma. However, measuring plasma temperature by spectroscope indicated that H 2 addition did not increase the plasma temperature significantly. On the other hand, adding H 2 to plasma improve the thermal conductivity of plasma 21) and increase the RF power (increasing about 8.5 kW to 10 kW with adding 5 '/min of H 2 ). Thus, it was expected that increasing H 2 fraction in the plasma gas increased the particles and substrate temperature, which contribute to the nitriding.
5)
Increasing H 2 fraction in plasma gas promotes the nitriding of the coating, and formation of nitride may improve the coating hardness. The relationship between H 2 fraction in plasma and micro Vickers hardness of the coating was investigated. The results were shown in Fig. 9 , and it was clear that the hardness of the coating increased with increasing H 2 fraction in the plasma gas. The result indicates that the promotion of Si nitridation due to the H 2 fraction increasing in plasma caused the increasing of coating hardness.
Nitridation mechanism of Si
XRD spectrum of Si/Si 3 N 4 composite coating, as shown in Fig. 5 , indicates that the peak intensities of -Si 3 N 4 are higher than that of -Si 3 N 4 . The formation mechanism ofSi 3 N 4 has been suggested in some references, 14, 15, 22, 23) which indicate that liquid Si reacts with gaseous nitrogen. Nitride formation of current reactive RF plasma spraying was investigated both on in-flight particles in the plasma and on the deposits on the substrate. Both of them could be formed as liquid phase of Si. Nitridation of the particle after deposition onto the substrate surface was already suggested in 3.2, as the melting of the coating occurred during spraying. To investigate the in-flight nitridation of Si particle, particles were collected by the special collecting apparatus shown in Fig. 10 . The apparatus has an inclined ceramic tube, into which Si particles were sprayed. If the silicon particles were fully melted and liquid condition, the particles deposited onto the inside wall of the tube. If the particles were solid condition, they did not deposit on the tube wall and were collected in the basket installed under the tube. Si particles were sprayed with the conditions of Ar/N 2 /H 2 : 10/4.0/0.4 '/min which was able to fabricate Si/Si 3 N 4 composite coating.
XRD spectrum of the collected particles was shown in Fig. 11 . There are no nitride peaks in the figure. The result indicates that effective nitriding reaction did not occur on inflight stage in the plasma in the case of Si particles. RF plasma spraying is characterized as the process which gives the higher chance in the reaction due to the longer residence period of the powder particles in the reactive plasma. However, the reaction time of the particles in the plasma is extremely shorter than that after the deposition onto the substrate. Hereby, it was verified that the effective nitriding reaction of Si mainly occurred after the deposition onto the substrate with liquid phase.
Conclusions
Si/Si 3 N 4 composite coatings on the graphite substrate were fabricated by reactive RF plasma spray process with H 2 addition into plasma gas. The coatings were thick and dense with lamellar structure. Furthermore, the coatings have higher hardness fabricated with high deposition rate.
The nitriding of the coatings was controlled by changing N 2 and H 2 fraction in the plasma gas. It can be considered that increasing H 2 fraction in plasma gas increased the substrate temperature, and increasing N 2 fraction in plasma gas could also improve nitriding, which increased active species in plasma. Nitriding reaction of Si in reactive RF plasma spraying was occurred after deposited onto the substrate. The liquid phase of Si on the substrate was formed by H 2 addition into plasma gas, and reacted with gaseous nitrogen. 
